Effect of spray-dried plasma and lipopolysaccharide exposure on weaned pigs: II. ABSTRACT: A study was conducted with 20 weaned barrows (14 d, 4.98 ± 0.21 kg) to determine the effect of feeding spray-dried plasma (SDP) after weaning on the pig's stress response to a lipopolysaccharide (LPS) challenge. After weaning, pigs were fed a diet containing 0 or 7% SDP for 7 d. On d 6 after weaning, all pigs were nonsurgically fitted with a jugular catheter. On d 7 after weaning, the pigs were given i.p. injections of either saline or LPS (150 g/kg BW) followed by serial blood collection every 15 min for a 3-h period. Following the 3-h blood collection, all pigs were killed and tissue was collected for mRNA analysis. Pig weight on d 7 after weaning was not affected by dietary treatment (P > 0.21). Pigs fed the diet with SDP had lower (P < 0.05) levels of hypothalamic corticotropin-releasing hormone (CRH) mRNA, pituitary gland CRH receptor mRNA, and adrenal gland adrenocorticotropin-releasing hormone (ACTH) receptor mRNA. Dietary treatment did not affect pituitary gland proopiomelanocortin
Introduction
Spray-dried plasma (SDP) has been shown to dramatically improve feed intake and weight gain in post-
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(POMC) mRNA. No effect of LPS treatment was observed in any of the mRNA levels examined. For both serum ACTH and cortisol, there was a significant diet × LPS treatment interaction (P < 0.01) such that both the ACTH and cortisol responses to the LPS challenge were greater in the pigs fed the diet with SDP than in the pigs fed the diet without SDP. For pigs given the saline injection, diet did not affect basal serum cortisol concentration; however, basal serum ACTH concentration was lower in those pigs fed the diet with SDP (P < 0.0001). A diet × LPS treatment interaction (P < 0.024) was observed for adrenal gland mRNA expression for steroidogenic acute regulatory (StAR) protein such that the LPS-induced increase in StAR mRNA was greater in the pigs fed SDP than in pigs fed the diet without SDP. These results demonstrate that pigs fed a diet with SDP have an increased activation of the pituitaryadrenal axis following an LPS challenge compared to pigs fed a diet without SDP.
weaning pigs (Hansen et al., 1993; Kats et al., 1994; de Rodas et al., 1995) . The mode of action by which SDP improves feed intake and gain is not well understood. The fraction of SDP that contains immunoglobulins yields performance similar to that after feeding whole SDP (Owen et al., 1995; Pierce et al., 1995; Weaver et al., 1995) . Additionally, research has demonstrated that the response to SDP is greater in a conventional on-site environment than in an off-site environment that is managed to reduce potential pathogen exposure to weaned pigs Stahly et al., 1995; Touchette et al., 1996) .
Disease challenges elicit potent and well-defined stress responses involving a variety of immune system hormones known as cytokines (Curfs et al., 1997) . Among these cytokines the proinflammatory cytokines (interleukin-1β , interleukin-6 , and tumor necrosis factor-alpha [TNF-α] ) associated with the acute-phase response are the most studied (Koj, 1996; Maule and Vanderkooi, 1999 immune system, they have the potential to alter many aspects of neuroendocrine function, including the hypothalamic-pituitary-adrenal (HPA) axis (MandrupPoulsen et al., 1995; Maule and Vanderkooi, 1999) .
Previously we reported that the basal immune system activation of pigs fed a diet with SDP is reduced during the 1st wk after weaning (Touchette et al., 2002) . As a result of this decreased immune system activation, these pigs had a greater response to a lipopolysaccharide (LPS) challenge, as indicated by higher serum levels of TNF-α and interferon-γ (IFN-γ). Because differences in activation of the immune system may lead to differences in the activation of the HPA axis, our objective was to determine whether feeding SDP alters the pig's stress response to an LPS challenge.
Materials and Methods

Experimental Design
This experiment was approved by the Animal Care and Use Committee of the University of Missouri. A total of 20 weaned barrows (Yorkshire × Landrace × Duroc) initially weighing 4.98 ± 0.21 kg and 14 d of age were randomly allotted to 1 of 10 pens. The pigs in each pen were randomly allotted to one of two diets (0 or 7% SDP). The diets were formulated to contain equal digestible essential amino acids and ME and to meet or exceed NRC (1988) recommendations for other nutrients (Table 1) . On d 6 after weaning, each pig was fitted with a jugular catheter using a nonsurgical procedure . On d 7 after weaning, the pigs were given an i.p. injection of either LPS (150 g/kg BW) or saline. The LPS (Escherichia coli serotype 0111:B4; Sigma L-2630, Sigma Chemical, St. Louis, MO) was dissolved in a 0.9% (wt/vol) NaC1 solution such that 0.3 mL/kg of BW would achieve the desired dosage. Blood samples were collected via the jugular catheter every 15 min for 3 h after the injection. Serum was harvested from all blood samples and stored at −80°C until further analyses. After the 3-h blood collection period, all pigs were killed by captive bolt followed by exsanguination for tissue sample collection. All tissue samples collected were immediately placed on Dry Ice and then stored at −80°C until they were extracted for mRNA analysis.
Hormone Assays
For each hormone, samples were analyzed in duplicate within a single assay. Serum concentration of adrenocorticotropin-releasing hormone (ACTH) was determined using a commercially available human ACTH double-antibody assay kit (Diagnostic Products, Los Angeles, CA), which we have previously validated for pigs in our laboratory . Minimum detectability of this assay was 8 pg/mL with a withinassay coefficient of variation of 3.7%. Serum concentration of cortisol was determined using a Coat-a-Count assay kit (Diagnostic Products), which we have also previously validated in our laboratory . Minimum detectability was 2 ng/mL with a within-assay coefficient of variation of 2.4%.
Quantification of mRNA
Total RNA was extracted from the hypothalamus, pituitary gland, and adrenal gland (Tri-Reagent, Molecular Research Center, Cincinnati, OH) and transferred to a nylon membrane with a slot-blot apparatus (BioDot SF, Bio-Rad Laboratories, Hercules, CA). Hybridization and detection were carried out with a commercially available kit according to manufacturer's instructions (BrightStar System, Ambion, Austin, TX). Hybridization signal intensities were quantified by densitometry; target mRNA values were expressed relative to 28s ribosomal RNA for each sample. The probes and procedures for detection of mRNA specific for pro- opiomelanocortin (POMC) and ACTH receptor have been described previously . Polymerase chain reaction (PCR) was used to amplify corticotropin-releasing hormone (CRH), CRH receptor, and steroidogenic acute regulatory (StAR) protein cDNA (RNA-PCR kit, Perkin-Elmer, Foster City, CA). The up-and downstream oligonucleotide primers for PCR amplification were 5′ GAATCCCGCTGCTCCACTCT 3′ and 5′ ATCTCACCTTCCACCTCCTC 3′ for CRH (664 bp; GenBank accession #Y15159), 5′ CTCATCTCCGC-CTTCATCCT 3′ and 5′ CCAAACCAGCACTTCTCATT 3′ for CRH receptor (271 bp; GenBank accession #AF077l85), and 5′ GCTACCAGGAAACAATGCTC 3′ and 5′ TCTGATGACCCCCTTCTGCT 3′ for StAR (665 bp). The StAR cDNA was found to be 89.5% homologous to the previously reported porcine StAR cDNA (GenBank accession #U53020). The identities of the cDNA clones were determined by dideoxy termination sequencing. Biotinylated riboprobes were synthesized from these clones for chemiluminescence-based detection using a commercially available kit (BrightStar System).
Statistical Analysis
Statistical analyses were performed using Statview software (SAS Inst. Inc., Cary, NC) and the theory and rationale of Gardiner and Gettinby (1998) . For all mRNA data, statistical analysis was performed using analysis of variance and mean comparisons using Fisher's Protected Least Significance Differences. The statistical model included the effects of diet (SDP vs no SDP), treatment (saline vs LPS), and their interactions. Body weight, serum ACTH, and serum cortisol were analyzed by analysis of variance specific for repeated measures. The statistical model included effects of diet (SDP vs no SDP), treatment (saline vs LPS), time, and their interactions. The within-pig error term was used to test for differences among diet, treatment, and diet × treatment. The within-pig-by-time error term was used to test for differences among time, time × diet, time × treatment, and time × diet × treatment. Correlations were generated using a Fisher's r to z correlation matrix. All data were proven to be homogeneous before analysis. Data are expressed as the mean ± standard error of the mean.
Results
Pigs fed the diet with SDP (5.57 ± 0.22 kg) had BW similar to those of pigs fed the diet without SDP (5.98 ± 0.22 kg) on d 7 after weaning (P > 0.21). Pigs fed the diet with SDP had a lower basal expression of hypothalamic CRH mRNA than pigs fed the diet without SDP (P < 0.05), whereas LPS treatment did not affect hypothalamic CRH mRNA expression (Figure 1) . A trend was observed (P = 0.12) for pituitary gland expression of CRH receptor mRNA, such that pigs fed the diet with SDP had a lower level of CRH receptor mRNA diet nor LPS treatment effect was observed for pituitary gland expression of POMC mRNA (Figure 3 ).
There was a diet × LPS treatment interaction for serum ACTH (P = 0.009, Figure 4) , such that the ACTH Figure 4 . The effect of spray-dried plasma (SDP) and lipopolysaccharide (LPS) treatment on serum concentration of adrenocorticotropin-releasing hormone (ACTH). There was a diet × LPS treatment interaction (P = 0.009) such that serum concentration of ACTH following the LPS challenge was greater for pigs fed a diet with 7% SDP than for pigs fed a diet without SDP. In the saline treatment groups, pigs fed the diet with SDP had lower (P < 0.0001) serum ACTH than pigs fed the diet without SDP. Error bars are omitted for presentation purposes. Pooled SEM was 2.5 pg/mL. response to LPS treatment was greater for pigs fed the diet with SDP than for the pigs fed the diet without SDP. For pigs fed the diet with SDP, LPS treatment increased serum ACTH in a biphasic manner from 0.5 h after LPS treatment until the end of the 3-h sampling period. For pigs fed the diet without SDP, LPS treatment increased (P < 0.04) overall serum concentration of ACTH; however, specific time-point comparisons of serum concentrations of ACTH for LPS-and salinetreated pigs did not differ (P > 0.20). Within the salinetreated pigs, basal serum concentration of ACTH was lower in the pigs fed the diet with SDP than in pigs fed the diet without SDP (P < 0.0001).
Pigs fed the diet with SDP had a lower basal level of adrenal gland ACTH receptor mRNA expression than pigs fed the diet with no SDP (P < 0.05); however, LPS treatment did not affect adrenal gland expression of ACTH receptor mRNA ( Figure 5) . A diet × by LPS interaction (P < 0.024) was observed for adrenal gland expression of StAR mRNA (Figure 6 ). Adrenal gland expression of StAR mRNA was increased by 2.7-fold in the adrenal glands of pigs fed the diet with SDP, but for pigs fed the diet without SDP, the LPS-induced increase in StAR mRNA expression was only 1.5 fold. Within the saline-treated pigs, adrenal gland expression of StAR mRNA did not differ between those fed the diet with SDP and the pigs fed the diet without SDP (P = 0.43).
A time × diet × LPS treatment interaction was observed for serum cortisol (P < 0.007), which can be primarily attributed to the difference in the magnitude of . The effect of spray-dried plasma (SDP) and lipopolysaccharide (LPS) treatment on adrenal gland expression of steroidogenic acute regulatory (StAR) protein mRNA. There was a diet × LPS treatment interaction (P < 0.024) such that adrenal gland expression of StAR mRNA following the LPS challenge was greater for pigs fed a diet with 7% SDP than for pigs fed a diet without SDP. In the pigs fed the diet without SDP, there was a trend (a vs b; P < 0.13) for LPS treatment to increase StAR protein mRNA expression. (c vs d; P = 0.005).
the response between the two dietary treatment groups. In pigs fed the diet without SDP, LPS treatment increased cortisol from 1.25 h after LPS treatment until the end of the 3-h sampling period. For pigs fed the diet with SDP, LPS treatment increased serum cortisol from 0.75 h after LPS treatment until the end of the 3-h sampling period. Additionally, in pigs fed the diet with SDP, LPS treatment caused a greater cortisol increase (maximum at 370 ng/mL) than that in pigs fed the diet with no SDP (maximum at 210 ng/mL; Figure  7 ). Within the saline-treated pigs, basal serum concentration of cortisol did not differ between those fed the diet with SDP and the pigs fed the diet without SDP (P = 0.24).
Although adrenal gland expression of StAR mRNA was highly correlated (r = 0.76; P < 0.025) to serum concentration of cortisol at 3 h after LPS in the pigs fed the diet with SDP, there was no relationship found between StAR and serum concentration of cortisol at 3 h after LPS in the pigs fed the diet without SDP. Also, there was no relationship found between StAR and serum concentration of ACTH at 3 h after LPS in either of the groups.
Discussion
In the present study, results indicate that feeding 7% SDP to young pigs for a 1-wk period after weaning Figure 7 . The effect of spray-dried plasma (SDP) and lipopolysaccharide (LPS) treatment on serum concentration of cortisol. There was a diet × LPS treatment interaction (P < 0.007) such that serum concentration of cortisol following the LPS challenge was greater for pigs fed a diet with 7% SDP than for pigs fed a diet without SDP. There was no diet effect (P = 0.24) on serum concentration of cortisol within the saline-treated pigs. Error bars are omitted for presentation purposes. Pooled SEM was 8.0 ng/mL. alters various neuroendocrine/endocrine components associated with both basal regulation and endotoxininduced activation of the HPA axis. In the salinetreated pigs, gene expression of hypothalamic CRH mRNA, pituitary gland CRH receptor mRNA, and adrenal gland ACTH receptor mRNA was lower in those fed the diet containing SDP. Additionally, serum concentration of ACTH in the saline-treated pigs was lower in those fed the diet containing SDP. The decreased relative expression of ACTH receptor mRNA in the adrenal glands of SDP-supplemented pigs suggests a down-regulation of the ACTH receptor. In both humans and mice, ACTH has been demonstrated to increase expression of ACTH receptor mRNA in vitro (Mountjoy et al., 1994) . Durand and Locatelli (1980) also demonstrated that ACTH is capable of increasing the number of its own receptors in rabbits. In pigs of an age similar to that of the pigs used in the present study, we have also previously reported an association between serum concentration of ACTH and adrenal gland ACTH receptor mRNA expression . Therefore, in the present study, we speculate that the decrease in ACTH receptor mRNA expression observed for pigs fed the diet with SDP could be associated with the lower serum concentration of ACTH observed in these pigs. The lower serum concentration of ACTH is most likely associated with decreased CRH stimulation because both gene expression of hypothalamic CRH and pituitary gland CRH receptor mRNA were decreased in pigs fed the diet with SDP. The apparent lower activation of the HPA axis observed in the present study is similar to that seen in the activation of the immune system in the previous study by Touchette et al. (2002) for pigs supplemented with SDP. They reported that tissue expression of TNF-α and IL-1β mRNA in the hypothalamus, pituitary gland, adrenal gland, spleen, thymus, and liver as well as IL-6 mRNA in the adrenal gland, spleen, and pituitary gland were all reduced for pigs fed a diet with SDP compared to pigs fed a diet without SDP (Touchette et al., 2002) . Indeed, several of the proinflammatory cytokines have been shown to be directly associated with the activation of the HPA axis in a variety of species. In humans and pigs, TNF-α has previously been reported to have stimulatory effects on the HPA axis (Nolten et al., 1993; Warren et al., 1997) . Interleukin-6 has also been associated with modulation of the HPA axis in rodents (Rivier, 1995) . In rodents, previous work has also demonstrated that prior endotoxin exposure elicits long-term effects on basal activation of the HPA axis (Shanks et al., 2000) . Thus, the decreased activation of the HPA axis in the present study may be the result of a decreased basal activation of the immune axis in the 1st wk after weaning associated with feeding SDP, as suggested by Touchette et al. (2002) .
With regard to the endotoxin-induced activation of the HPA axis, the present study demonstrates a dramatically different stress response to an immunological challenge when SDP is included in the diet. Serum ACTH release following LPS administration was greater for pigs fed the diet with SDP than for pigs fed the diet without SDP. Similarly, the increase in serum cortisol was also greater following LPS administration for pigs fed the diet with SDP than for pigs fed the diet without SDP. Previous research (Suzuki et al., 1986; Elenkov et al., 1992 ) using the rat model has demonstrated that cortisol can be released independently of CRH following LPS administration. Thus, the cortisol release seen in pigs fed the diet without SDP may have been the result of direct stimulation by LPS-induced cytokines, whereas the larger cortisol release seen in pigs fed the diet with SDP may have been the result of both ACTH-dependent release and a direct stimulation by LPS-induced cytokines.
The response of the HPA axis in the present study is very similar to the results of the immune axis previously reported (Touchette et al., 2002) . Feeding a diet with SDP resulted in a greater increase in serum TNF-α and IFN-γ following LPS administration compared to feeding a diet without SDP. In the present study, ACTH release following the LPS challenge occurred in a biphasic manner. The first increase in ACTH started immediately following the LPS injection, peaked at 0.5 h, and was on the decline at 0.75 h. The second increase occurred between 1.5 and 1.75 h after LPS, peaked at 1.75 h, and remained relatively high throughout the remainder of the 3-h collection period. In the study by Touchette et al. (2002) , serum TNF-α did not increase until 1 h after LPS. Thus, in the present study, we speculate that the first increase in ACTH was independent of the immune response, whereas the second increase may have been mediated by the activation of the immune system. This speculation is supported by rodent studies that have also demonstrated that HPA activation precedes an elevation in serum concentration of the proinflammatory cytokines TNF-α , IL-6, and IL-1β (Givalois et al., 1994) .
The profiles observed for adrenal gland expression of StAR mRNA are consistent with serum concentrations of ACTH and cortisol observed in the present study, as well as serum TNF-α observed in the previous study by Touchette et al. (2002) . Previous work has demonstrated that adrenal gland expression of StAR protein is transcriptionally regulated by ACTH, angiotension II (Clark and Combs, 1999) , and LPS (Hales et al., 2000) . Thus, in the present study, it would appear that the greater serum concentration of ACTH in LPStreated pigs fed the diet with SDP caused a greater transcriptional increase in the expression of adrenal gland StAR. An increased expression of StAR suggests a greater steroidogenic capacity for the adrenal gland, which would result in the higher serum concentration of cortisol observed in these pigs. The magnitude of the cortisol response would most likely be associated with the magnitude of the TNF-α response, because glucocorticoids are known to provide negative feedback to inhibit further secretion of TNF-α.
Previous research has demonstrated that prior immune status affects the response to future immunological challenges in rodents. Hadid et al. (1995) reported that, for mice given daily injections of LPS for 5 d, the plasma ACTH and TNF-α responses after the first LPS injection were dampened after injections on d 3 and 5, and plasma cortisol was reduced on d 5. These results suggest that, if an immune system is challenged, future challenges on the immune system may result in decreased activation of the immune system and the HPA axis.
There are two potential mechanisms by which SDP may prevent activation of the HPA axis. The first may be a direct effect of SDP in preventing antigen growth or colonization in the small intestine. It has been shown that SDP contains active immunoglobulins, and that the fraction that contains these consistently shows performance similar to that of whole SDP (Gatnau et al., 1995; Owen et al., 1995; Pierce et al., 1995) . Thus, it is possible that the immunoglobulins in SDP may help to directly inhibit antigen exposure in the pig.
The second may be an indirect effect of SDP helping the pig's mucosal integrity. Previous research in our laboratory has demonstrated that SDP promotes intestinal growth, as indicated by an improvement in villus height and villus height:crypt depth ratio (Spencer et al., 1997; Touchette et al., 1997) . This may serve to provide for a better barrier preventing potential pathogens from entering the pig via the intestinal lumen.
These two mechanisms may work to reduce activation of the pig's HPA axis by a reduction in immunologi- cal challenges experienced during the 1st wk after weaning. Pigs fed the diet without SDP may be similar to mice with a stimulated immune system, whereas pigs fed the diet with SDP may be similar to mice with a "naive" immune system.
It has been well documented that disease and the associated elevation in proinflammatory cytokines inhibit growth (Johnson, 1997) . Additionally, it has also been well documented that immune system activation results in a reduction in feed intake and causes a shift in nutrient partitioning away from skeletal muscle accretion toward metabolic responses necessary for support of the immune system (Klasing and Johnstone, 1991) . In the present study, feed intake was not recorded; therefore, we cannot speculate on possible feed intake differences between the pigs being fed SDP and those not being fed SDP. Additionally, in the present study, we did not observe a difference in growth rates as previously reported for pigs fed a diet with SDP as compared to pigs fed a diet without SDP (Hansen et al., 1993; Kats et al., 1994; Coffey and Cromwell, 1995) . As mentioned in the previous study by Touchette et al. (2002) , we speculate that, although the bacterial load within the environment in which the pigs were maintained was sufficient to alter immune function and associated HPA activation, it was not significant enough to reduce growth.
Implications
Although the possibility of using spray-dried plasma to increase feed intake and growth in the young pig is of economic importance, the negative aspects associated with possibly creating a "naive" pig have not been adequately addressed. As seen in the present study, as well as the companion study, published in this issue, supplementing pigs' diets with spray-dried plasma also leads to an apparent increased sensitivity to an acute endotoxin challenge. Future studies are needed to specifically investigate the effect of spray-dried plasma on immune function, hypothalamic-pituitary-adrenal activation, feed intake, and growth of pigs that are maintained in pathogen-free environments and in environments in which the pathogenic load has been quantified.
